Abstract Neutral beam injection (NBI) is one of the most effective ways to heat and drive plasma in a tokamak. The mega watt level neutral beam injector on the HL-2A tokamak consists of four high-power ion sources. Each source is supplied by discharge, beam extraction and auxiliary power supplies. Some circuit topologies and control sequences designed for the system are presented in this paper. Some important technologies such as the notching circuit, insulated gate bipolar transistor (IGBT) series-connected switch, high-frequency switching power supply and control system based on a digital signal processor (DSP) have been used. The system can be effectively used for high current ion beam extraction, protection, ion optics and so on. The power system has been safely used in HL-2A high-parameter NBI experiments for three years. The power of NBI can be kept at higher than 0.75 MW for 1 second and the ion beam power extracted from the ion source is higher than 2 MW. The ion temperature of the plasma center is close to 2.0 keV. These results show that the design of this power system is reasonable and reliable, and it can fully meet the system requirements for NBI of the HL-2A tokamak.
Introduction
Highly energetic neutral beam (NB) injection is one of the effective ways for plasma heating and current driving in tokamaks [1∼4] . During the first stage, the ITER NB injector will have 33 MW power delivered to the plasma, with a 1 MeV beam energy and a 1000 s pulse length. The Southwestern Institute of Physics (SWIP) cooperated with IPP and imported the main components of the neutral beam injector on the AS-DEX. Therefore, we developed the bucket cusped multiple magnetic field arc ion source [5, 6] , NBI power supply system, supervisory control system and other subsystems. After three years of construction, the power supply system has been safely used in HL-2A highparameter NBI experiments for three years. The power of NB injected to the tokamak is more than 0.75 MW for a 1 s pulse length and ion extraction power is higher than 2 MW. The ion temperature of the plasma center is close to 2.0 keV [7] .
For a better understanding of the issues related to the proposed power supply system of NBI on the HL-2A tokamak, the paper is organized as follows. Section 2 gives a brief overview of the NBI power supply system on the HL-2A tokamak. Section 3 presents the design of the topology of the arc-discharge and decelerating power supplies. Section 4 describes the control sequence of the power supplies. Section 5 shows the experimental results.
2 The NBI power supply system on HL-2A tokamak
The schematic of the ion source and the relevant power supplies is shown in Fig. 1 . These power supplies are classified into 3 categories based on their functions [8] , including the arc discharge power supply unit, beam extraction power supply unit and some auxiliary power supply. The ratings of the corresponding power supplies are summarized in Fig. 1 .
The arc discharge power supply unit consists of filament power supply (FPS), arc power supply (APS) and work gas valve power supply. Their function is plasma generation, which occurs in an arc discharge between the filament and the ion source body. In the discharge process, the gas valve must be turned on.
The ion beam extraction component is composed of three grid electrodes, which are applied to the positive acceleration grid power supply (AGPS) and neg-ative deceleration grid power supply (DGPS), respectively. Among the three grid electrodes, the last grid is at ground potential, ions are extracted and accelerated by the voltage of AGPS, and DGPS prevents electrons from back-streaming from the start-up neutral-beam source component neutralizer. Other auxiliary power supply functions are beneficial to beam extraction and NB injection. The magnet power supply is applied to deflection coils, and yields the magnetic pole to bend these not neutralized particles, and then these particles will be absorbed by a water-cooled steel plate device. Power supply is applied to a titanium pump to heat the titanium filament in sublimation to absorb the air in the chamber. It can keep the neutralizer operating at a desired pressure. The two power supplies are made at the ground level.
The main power supply unit outlined in Fig. 1 shows that the negative electrodes of both APS and FPS are connected together to the positive of acceleration PS, which is linked to the acceleration grid, and referred to the HV potential. The negative electrode of AGPS, the positive electrode of DGPS and the shell of the neutralizer are tied together, that is the ground potential of the NBI system. FPS and APS float on the AGPS, that is, it is the HV potential. As a consequence, both are installed on an isolated HV deck, located in an area just close to the ion sources, and their insulation level is 100 kV. All of the output conductors of FPS, APS and AGPS are arranged together into the high voltage transmission line several meters long, and at the terminal pass through the core snubber to the ion sources.
These power supplies need mutual coordination in the beam extraction process, so the power supply design must be based on the concept of the system, and some other technical aspects must be taken into account, too.
3 The design of arc-discharge and deceleration power supply
Filament power supply
The filament of the ion source is parallel with some groups of tungsten filaments, supplied by a DC current feed-back controlled power supply, which is at the maximum capable of transferring 20 V with 1400 A for 12 s every 300 s, and the ripple of the pulse current does not exceed 1%. For the propose to reduce the cross section of the conductors and to meet the requirement of the voltage isolation level, the main circuit topology is shown in Fig. 2(a) , which is composed of a thyristor AC controller series in the primary of the three-phase isolation step-down transformer, a diode stack full-wave rectifier and an LC out filter. The first two parts are installed in the hall on the first floor; the others are installed on the HV deck, at the second floor of the tokamak hall.
In order to prevent the electromagnetic force from causing filament deformation and fracture or yielding in the moment of FPS turn-on, it is necessary to set the parameters according to the current reference waveform as shown in Fig. 2(b) . During the APS time out, the output of FPS maintains 20% to 30% rated current, and the filament temperature remains about 800
• C. Before the arc discharge, the output should reach the rated current within a 3 s to 7 s period. As expected, there should be no excessive voltage or current overshoot during the start-up. 
Arc-discharge power supply
APS is used in arc discharge to produce plasma. Experiments and theory show that the extraction system will be at its best if the relation between the arc plasma density n e and extraction voltage V α is expressed as n e ∝ V α . Therefore, APS must meet the following conditions: (1) A constant-current source, maximum output capable of delivering 200 V with 1 kA for 5 s every 300 s, with ripples less than 2% and adjustable. (2) The bucket ion source is of a nonlinear load. APS should have fast dynamic response. (3) Electrical breakdown always happens between grids so as to switch off very fast to limit the energy dissipated in the grids, and to prevent the beam line extraction experiment from failure.
Based on the conditions mentioned above, the APS scheme is presented in Fig. 3 . Its construction is divided into four parts. The three-phase line from the common electrical power grid is transformed to two types of three-phase power, delta-connected and wyeconnected respectively, mutually phase-displaced by 30 degrees, each phase in series with two thyristors connected back to back, to regulate the out current in ground potential; the root-mean-square changed voltage is applied to the primary of the isolation step-down transformer, secondary winds output to the three-phase line, six-pulse rectifier with a DC bus capacitor. Then the input voltage is in series with a large inductor and IGBT switch acting as a current source. IGBT has high-speed characteristics and low saturation voltage. As a result, the IGBT switch can be used to provide protection quickly. Meanwhile, there are 9 sets of IGBT and resistance in series respectively, and they act as a dummy load. The parallel ion source is also named the arc current notching circuit. The reason for designing the notching circuit is to solve the beam divergence breakdown between electrodes caused by the surge of AGPS and DGPS in the beginning. But the arc current regulates via the thyristor. It is the typical inertial system, with a longer value of time constant, and can't decrease the output current in a very short interval. The arc current notching circuit can shift the terminal current to the dummy load within tens of microseconds. The notching depth is determined by the relationship between the rated equivalent resistance of the ion source and turn-on dummy load, and the notching depth and duration can be preset by computer. The rectifier, filter set and IGBT stacks are installed on the HV deck, close to the later part of FPS. IGBT8 and IGBT9 are operated for precise current adjustment. The advantage and innovation of the notching circuit can not only achieve optical properties of ion beam matching flexibility with other power supplies, based on various experimental requirements, but can also prevent the extraction beam line current from becoming too large, caused by the high plasma density at the beginning of the acceleration grid voltage power on.
Gas valve power supply
Gas flow is controlled by the voltage magnitude applied to the piezoelectric valve. The control signal in the range from zero to 5 volts is output from the digital-analog converter, controlled by computer, and then passes the voltage-frequency converter, optic fiber, frequency-voltage converter and 25 times amplifier in sequence to the valve. The flow feed-back signal passes the analogous loop to the AD acquisition card to achieve the closed-loop control. As a result, the essence of the gas PS is the HV amplifier, its maximum output being 120 V with 0.1 A, and isolation level being 100 kV.
Deceleration grid power supply
The primary purpose of the DGPS is to solve the secondary electrons reversing to the ion source in the process of neutral beam extraction. Experimental result demonstrated that the current of the extracting beam is related to the voltage of DGPS, and with the voltage increasing, leads to a reduced beam current; when the voltage ratio of the DGPS to the AGPS is larger than 3%, and current of extraction beam would be stable. Based on the technological index of AGPS, the confirmed output will be in the range of zero to −3 kV (3 s maximum pulse length, 1/100 duty cycle) with the current capacity of 20 A.
The topological circuit is shown in Fig. 4 . The whole DGPS involves the two parts of pre-HV supply and fast switch. The pre-HV supply adopts high-frequency switching technology [10] , phase-shift pulse width modulation (PWM) and current leading feed-back control to realize the voltage stabilization. Fast switch consists of 10 IGBT modules in series. A field programmable gate array is used to design the IGBTs drive signal assigning circuit to perform series IGBTs turn-on or turn-off at the same moment, and synthesize the logic of protection signals, and so on. In this way, the switching time is related to IGBT's switch performance, which can provide protection within 20 µs in case a malfunction happens in NBI. 
Some beam extraction auxiliary power supply
In the process of beam line extraction, a breakdown often happens in the grids, generates a large short current, and releases the energy stored in stray capacitance, destroying the grids with extreme heat or sputtering. Therefore, a protection device must be installed. The core snubber is the one that limits the short-circuit current by inducing the back electromotive force, and absorbs the energy stored in the stray capacitance to protect the grids [11∼13] . The technological index of the core snubber PS is 5 V/200 A, 70 s on-duty time, and 300 s duty cycle.
The magnet coil power supply and titanium filament power supply are based on a general type of primary regulated thyristor rectifier. The magnet coil power supply output is 250 V/2000 A, and the titanium pump power supply is DC 150 V/170 A.
NBI control system and its timing sequence
The NBI control system has the function of performing the total power supply operational control sequence and interlock protection [14] . Taking into account the anti-jamming capability of control system, operational control of the flexibility, easy maintenance, and other factors, the industrial Ethernet technology and optical isolation technology are adopted in the control system.
The typical control sequence is shown in Fig. 5 . Before the NBI system operates, the power is turned on to the titanium PS. When the pressure of the neutral pipeline reaches the desired value, its power should be turned off. The tokamak's central control computer sends a base time trigger signal to the NBI control system in an interval of 7∼10 s before the tokamak plasma discharges, and the operational control sequence of the main power supplies is started up. Normally, the FPS output is 20% of the rated current, but when it receives the trigger signal, it reaches the rated current after 3∼7 s. Then the gas valve supply is turned on for 2 ms, and milliseconds later, the main IGBT in the APS is switched on. Only after it reaches the rated arc current state, the notch circuit is started, and the discharge bucket arc current is reduced. At the very beginning when notching is 1.9 ms, DGPS is turned on; 1.95 ms after AGPS is turned on, notching ends. The whole notching duration is about 2 ms. As a result, the steady ion beam line can be formed and extracted. When the arc protection signal comes forth, DGPS and AGPS are cut off, and meanwhile the notching circuit is triggered off instantly. At the end of the normal discharge conditions, in order to reduce the floating potential of the system and the mutual influence of power supplies, AGPS, DGPS and APS are turned off, respectively, with a certain time interval, and finally the FPS current is reduced to 20% of rated current. The operational time of the magnetic deflection power supply and the core snubber power supply only lasts for the AGPS duration of time.
Experimental results
At the end of 2007 and in the year of 2008, the joint commissioning of the project and the NB injection experiment was accomplished, including the work of a single ion source NBI system test experiment, low parameter four ion source synchronous discharge and beam line extraction debugging experiment, and NBI optimization experiment. In the process of these experiments, the performance of some units was satisfactory, such as the stability of the power supply, control sequence, synchronization process of the power supplies' shutdown protection in the arcing conditions and many other functions. Ultimately, four ion sources' simultaneous extraction pulse width reached close to 1 s, and the average extraction power was over 1.5 MW. The beam line was more stable with operating parameters for 35 kV/14 A. The ion extraction power was over 2 MW. The maximum power injected into the HL-2A tokamak was over 750 kW, with the injection efficiency close to 40%. The ion temperature increased to 2 keV. The electron density, stored energy and energy confinement were improved significantly during the H-mode discharge. Now, the NBI system has been operated stably for three years. Typical output waveforms of some power supplies measured in shot 11578 are shown in Fig. 6 . The pressure is in the range of 0.25 Pa to 0.5 Pa. The filament current is about 1025 A. The arc current is about 300 A. The deceleration grid voltage is about −1.7 kV. The extracted beam line is 40 kV/12.5 A with a 600 ms duration. It can be seen from the waves that the power supply system is operated with stability. 
Summary
For the high-power ion source installed in HL-2A NBI, four sets of NBI power supply and control system have been built. In view of the whole system, the requirements and functions of each power supply unit has been described along with the main circuit design and control sequence. The control system uses the programmable logic controller (PLC), industrial Ethernet and fiber isolation signal transmission technology. HV isolation technology, the current fast-shifting technology (current notching technology), tetrode modulator, IGBT series, high frequency switch-mode power supply technology, HV snubber technology, high-voltage transmission line technology and the DSP have been used in the design of the NBI power supplies. Experimental operation shows that the design can extract a beam line effectively and develop NB injection experiments.
